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Analysis of the two-point velocity correlations
in turbulent boundary layer flows

By M. Oberlack

1. Motivation and objectives

Two-point Rapid Distortion Theory (RDT) has become an important tool in the
theory of homogeneous turbulence. Modelers try to implement appropriate results
from RDT in their statistical turbulence models, for example in the structure based
model developed by Kassinos and Reynolds (1994).

On the other hand, in non-homogeneous equilibrium flows the logarithmic law
1s one of the cornerstones in statistical turbulence theory. Experimentalists have
found the log-law in a broad variety of different turbulent wall shear flows, and
statistical models have been made to be consistent with the log-law.

The logarithmic law was first derived by von Kérmén (1930a, 1930b) using di-
mensional arguments. Later Millikan (1939) derived the law-of-the-wall more for-
mally using the so called “velocity defect law”, also first introduced by von Karman
(1930b). Even though the derivation was much more comprehensive from a phys-
ical point of view, the velocity defect law is essentially an empirical observation.
A first derivation of the law-of-the-wall using asymptotic methods in the Navier-
Stokes equations was given by Mellor (1972). Mellor needed the viscous sub-layer
to obtain the log-region, and his scaling of the inertial range in the log-region is in
error because it does not give the one-point limit of production equals dissipation.

The general objective of the present work is to explore the use of RDT in analysis
of the two-point statistics of the log-layer. RDT is applicable only to unsteady
flows where the non-linear turbulence-turbulence interaction can be neglected in
comparison to linear turbulence-mean interactions. Here we propose to use RDT
to examine the structure of the large energy-containing scales and their interaction
with the mean flow in the log-region.

The contents of the work are twofold: First, two-point analysis methods will
be used to derive the law-of-the-wall for the special case of zero mean pressure
gradient. The basic assumptions needed are one-dimensionality in the mean flow
and homogeneity of the fluctuations. It will be shown that a formal solution of the
two-point correlation equation can be obtained as a power series in the von Kirman
constant, known to be on the order of 0.4.

In the second part, a detailed analysis of the two-point correlation function in the
log-layer will be given. The fundamental set of equations and a functional relation
for the two-point correlation function will be derived. An asymptotic expansion
procedure will be used in the log-layer to match Kolmogorov’s universal range and
the one-point correlations to the inviscid outer region valid for large correlation
distances.
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2. Governing equations of the two-point velocity correlation function

Using the standard Reynolds decomposition U; = #%; + u; and P = p+ p, the
Reynolds averaged Navier Stokes (RANS) equations read
@_.'+_ Oi; 18p 8%u; Oujur

ot ""a—x,,_ p6z.~+uaxi TS (1)

and the fluctuation equation, later on referred to as N -equation, is

_ Ou; _ Ou; Ou; ou;ur  Ouux 1 0p 0%u;
Ni() = ot +uk6:c;, + “"azk PN + Bzx + 2oz v az% = 0. (2)
The corresponding continuity equations are
Otk Oug
Bz 0 and 5z, ~ 0 (3)

The five two-point correlation tensor functions that appear in the two-point cor-
relation equation (5), further below, are defined as

Rij(z,7;t) = ui(=z, ) uj(z(,t) ,
pu;(z, mit) = p(=, t)ui(x),t)
u;p(z, rit) = ui(z,t) p(z), 1)
Riiny(z,mit) = ui(z, t) up(e, t) uj(2),t) ,
Rijn(z,mt) = ui(z, ) uj(@®, ) up(z),t) . (4)

All tensors in (4) are functions of the physical and the correlation space coordinates
z and r = (1) — & respectively. The double two-point correlation R;;, later on
simply referred to as two-point correlation, converges to the Reynolds stress tensor
%u; in the limit of zero separation r.

The well known two-point correlation equation (Rotta (1972)) can be written as

DRy _ _p Gu(z,t) , Oui@t) o _ OR;,
Dt = Rk; Ok Rix Ok zir [uk(z"‘r’t) uk(-'l!,t)] or
_1[opw; _opm  dwp| [ ORi _, PRy O*Ri;
p | Oz; or; or; Oz Oz Oz Org Oriorg
Ry, O
= ot 7y [Buwi ~ Bigw] (8)

For both two-point velocity-pressure correlations, %;p and pi; a Poisson equation
can be derived. The divergence 8/8z; — 8/8r; of equation (5) leads to a Poisson
equation for pij,
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FIGURE 1. Sketch of the coordinate system and the mean velocity field
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and the divergence 8/9r; leads to the corresponding Poisson equation for u;p,
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where the vertical line means that the derivative is taken with respect to @ but will
be evaluated at # + r. All of the dependent variables in (5)—(7) have to satisfy the
continuity conditions

6R,‘j 6R;,~ _ BR,'J' _

o on 00 By 0 ®
ap‘Mj _ 6u,p 6u.-p _

ar, —0 A G T =0 ©

For the analysis of the self-similar, two-point correlation equation further be-
low, two identities are important. They can easily be derived from a geometrical
consideration by interchanging the two points # and 2(!) = & + =

Ri(z,7)=Rji(z +r,-7) , wp(e,r) = pui(z + 7, —r) . (10)

The latter identities are the key elements for the derivation of some boundary con-
ditions and for the deeper understanding of the self-similar two-point correlations.
There exists a similar identity for the triple correlation which will not be used here.
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3. The log-law — a self-similar form of the two-point correlation equation

A sketch of the coordinate system and the mean velocity field adopted in the
proceeding paper is given in Fig. 1. Within this subsection it will be shown that
the logarithmic part of the law-of-the-wall mean velocity profile can be derived
from the two-point correlation equation and hence from the Navier-Stokes equation
if there exists a regime where the following assumptions hold:

e the mean velocity is parallel to the wall;

o the statistics in that domain are independent of viscosity and time;
e the Reynolds number is high;

e no mean pressure acts on the flow field.

The last assumption can be eliminated, but in this approach it will be focused on
the zero pressure gradient case. Beside the above assumptions no other conditions
are needed in order to determine the log-law mean velocity profile and the self-
similarity of the correlation functions.

Inferring the above assumption in the Reynolds averaged Navier-Stokes equations
(1), it is easy to confirm that the gradient of the Reynolds stress tensor on the right
hand side is the only remaining term. Integrated one time we obtain that ;i is
independent of . However, this is not necessarily true for the two-point correlation
tensor R;;. It could depend on = if the dependence vanishes in the zero separation
limit. This can only be achieved by having the following dependence on a new
variable

T =rg(z) (11)

where g(x) has to be determined later and no other hidden dependence on & can be
in the correlation functions. Of course, the latter definition of # can be generalized
to different unknown scaling functions for every component of r, but from equation
(5) it can be verified that only a single scaling function exists. With the above given
assumptions, defining # = £ and using the transformation rules

o 8 199, @ o 0
oe =05 Tgo5 om0 o Yom (12)
the R;j-equation (5) reduces to
_ o dﬁ](l‘g) o dﬁ](l‘g)
0= R2] 6:1 diL‘2 Rt2 6]1 dIz ratrs
OR;;
— [y (22 +1m2) =1 (z2)] ¢ 37;11
21 _]L.a_gf opu; _ Epuj+ Ouip
o9z *or on Yo
1 dg . ORg), 9
Py TN U o +9 N [Riiny; — Rigny) - (13)
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As mentioned above, there is no hidden # dependence in the correlation function
and therefore all & derivatives coming from (12a) have been omitted. Obviously,
equation (13) can only have a non-trivial solution, and thus be independent of z, if
all the coefficients have the same functional dependence on . Hence, the following
set of differential equations determine the @; and g dependence on z

1 dg . diy(z3)
7 9z, g fori=1,23, ez

~g (14)
and
1 dﬁ](.’tz) _ - _ _ _ ~
Pl e = hH(F) # fo(®) , (22 4+ 12) — U (22) = f(F) # falz) . (15)
9 T2 lx4r

are additional consistency conditions for #; and g. The last equation in (14) de-
termines g to depend only on 2. Hence, the equations (14) have two independent
sets of solutions given by

. )

c
9(22) = gy » W(e2) = 25 In(zz — V) + M (16)
ey (22 —¢; ") c3
and
g(z2) = c£2) y  ui(zg) = cgz)c?)mz + c?) (17)

where the c.(," Vs are integration constants or proportionality factors. Obviously, only

the first set of equations correspond to a boundary layer flow because the solutions
(17) define homogeneous shear turbulence which contradicts the assumption to be

independent of time. Both equations (15) require cgl) =0 and cgl) can be absorbed
in the correlation functions. In common notation we finally obtain

U = ur by [% ln(zz) + C} (18)
and
. r

where u, is defined as

fu du
Ur = ;E (20)

Inserting (18) and (19) into equation (13) and multiplying by the von Karman
constant « the final form of the R,;-equation results:

1’::0
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* - 1 ~ aR:J
0= —R2j5|'] -_ 526,‘11—172—111(14-7‘2) 6F1
- - —
5 [ 25 O _ O
P ar,, 6r.~ 37‘_,'
OR? ... 9
~ (i2); - -
+ K [Tl 61:[ + ‘51“:; ( Gik)j t(]k))] (21)
where
. _Rij . Rini  pe Ri(jk) ._ P9 e _ TP
Rij = ’u—% ’ R(:k)]= u?. ; i(jk) = ui s puJ = u;’_ and uip = —LE
(22)

The procedure described above can be extended to the three-point triple-corre-
lation equation and any higher order correlation equation if an additional spatial
point is introduced for each additional tensor order. As a result it is easy to verify
that the whole set of equations define an infinite set of linear tensor equations but
which are far too complex to be solved in general. Nevertheless, it is worthwhile to
analyze some features of the solution.

In principle this infinite set of equations could be solved by the following pro-
cedure. Beginning with the two-point correlation equation, the triple correlation
can be considered as an inhomogeneous part of the R;; equation. Once the ho-
mogeneous solution is obtained, the inhomogeneous solution can be computed by
standard methods. In the next step, the triple-correlation equation has to be tack-
led and its solution will be substituted in the solution for R;;, and so forth for
higher correlations. In each equation the von Kdrman constant « only appears as
a factor of the highest order tensor and hence the final solution for R;; is a power
series in &

Ry=) aMsm . (23)

m=0

agg) represents the solution of the two-point correlation equation after neglecting
the triple-correlations and all higher order terms.

The structure of the formal solution in equation (23) admits the hope that a
truncated series may provide some insight in the log-law statistics. Hence, in the
following the triple-correlations will be neglected. Using the similarity variable in
the poisson and the continuity equations, the pu; equation (6) becomes

aszj‘ 02p—u]—,¢ 621)—1“7# ap‘lT* 65,‘7—_! 2p aR; .
Fyf 27 I 4+ 9F 2 4o 2 T2 24
e Y S T G, T or, S o k Of (24)

the %;p equation (7) becomes
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u;p* 2p 1 OR:

= r_ - T2
OF i Fi - Kk 14+7y OFy ! (25)
and the continuity equations (8) and (9) yield
BR;,J ORy; ORy;
* Bk + a7 =0, or; =0, (26)
a—pu % 6—21)‘ a——uip* 3
67‘] =0 and 7 Ofk + o7, =0. (27)

The identities (10) can also be transformed in a similar manner. Introducing the
transformation (19) into the equation (10a), we obtain the relation R;;(zq,z,7) =

Rji(z2(1 + 72), —z2F). Because it was previously assumed that all two-point corre-
lation functions are solely functions of #, only the ratio of the first and the second
parameter can appear in R;;. This argumentation can be extended to the pressure
velocity correlation. Thus, we finally obtain

Riy) = Ry (15 (28)

and

) = (1) - (29)
The latter identity also holds if w;p* and pu;* are interchanged.

These two relations give valuable insight into the structure of the solution. Rela-
tion (28) connects different # domains to each other and provides boundary condi-
tions in the 7, direction.

One interesting feature of (28) is that it can be considered as a functional equation
for each trace element. It is easy to verify that one solution, but probably not the
most general solution to equation (28), is given by the following form

R (F) = [ (in(1 + 7)), ’Z‘ , j} (30)
where Ry, ., is one of the three trace elements of R}

In addxtxon if the solution for any off-diagonal R;; element (¢ # j) is known, (28)
provides the solution for the R};. A similar feature for w;p* and pu; is given by
relation (29).

If boundary conditions have to be satisfied in infinity, all correlation functions
decay to zero. Therefore, any solution of equations (21) and (24)-(27) have to obey
the boundary conditions

R}(fx — £00) = Pui*(Fx — +o0) = Tp*(fx — +o0) =0 for k=1,3 (31)
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FIGURE 2. Sketch of the boundary condition in the z,-r; plane.

and

To better understand the boundary conditions in the wall-normal direction, a
sketch of the z5-r; plane is given in Fig. 2. Picking any value for r2, the negative
part of r; can not be smaller than z; and hence one bound is on the line z; = —r3.
The bound for the physical coordinate is at z; = 0. Using the definition of the
scaled non-dimensional coordinate (19), it is clear from Fig. 2 that 7; represents the
inverse of the slope given by any straight line through the origin ranging between
the two latter bounds. Hence, the domain for 7, is restricted to —1 < 7y < oo.
Using (28) and (29) together with (32) one obtains

Ri(f2=-1)=0 (33)

P (Fa = —1) =Tp*(F2 = -1) =0 . (34)

Obviously, the boundary conditions are all homogeneous and one may expect the
solution to be zero. In section (5) it will be discussed why the equations might have
a non-trivial solution, but a rigorous proof is still outstanding. In the next section
an integral relation coming from the one-point equations will be derived, which
closes the missing information regarding the scaling of the two-point correlations.

4. Kolmogorov’s universal range and one-point correlations

The self-similarity of the correlation functions introduced in section 3 is only valid
in the limit of large Reynolds number, based on the wall distance and the friction
velocity

Re, = =122 (35)

v
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This is also the definition of y*. From experiments it is known that the log region
starts at about y* = 40 and extends to y* = 0.2U6/v.

The analysis in the previous chapters is inviscid, and hence is not a regular
expansion in Re,. It is not applicable for small correlation distances, as will be
explained in some detail now. An inner viscous layer in correlation space has to
be introduced in order to meet the requirement that viscosity is important for the
dissipation tensor €;; in the one-point limit.

Comparing the two-point correlation equation (5) in its most general form to the
inviscid version in the log-layer (21), no viscous term has been retained. In contrast
to that, the Reynolds stress transport equation in the log-layer

~ (@) + TGl ==+ By~ iy = 0 (36)

contains the viscosity v in the dissipation tensor, defined by

Ou; Ou; O’ R;; & R;;
j=2we— =L =2 he A Y
& Vaxk Oz = [axkark arkar,,] (37)
and the pressure-strain tensor is defined by
p[du; Ouw| . [Opu; Ouwp Ouip
=== _ = l -
¢ 7 P [6z. + am,-] rlgé[ Br,- + a:L‘j 61‘1‘ (38)
The contraction of equation (36) together with Tyu; = —u? determines the scalar
dissipation
3
Ekk u,
t= = KTy (39)

As mentioned above we find from equation (36) that the asymptotic arguments
we have used so far are not valid for correlation distances on the order of the
Kolmogorov length scale I,. The Kolmogorov length and velocity scale are given by

3\ %
ly = (V?) = zzRe:%n% and uy = (Vs)% = u,Re:%K_% : (40)

The only scaling of the independent variables with which the correct balance can
be achieved in the two-point correlation equation is given by

g=1 =Reixtl (41)

In line of Kolmogorov’s arguments, the scaling of the dependent variables must be

Ry = wlww;” ~ o} [B(©) + 0 (Rer t)]

Rixy; = up [DE?IZ)J‘(O +0 (Re:%)] ’
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Rijxy = ud [DS?}k)(ﬁ) +0 (Re:%)] ,
pi; = pul [MO(€) + 0 (Rer V)]
w35 = pud [NO(6) + 0 (Rer 4] . (42)

Putting (41) and (42) into (5), (6) and (7) the leading order terms in each equation
are given by

oM oN®  oBY 8D, 0D (43)
9¢; 9; Ok Ok O

—binugu; — djh1uug” +

(0)
32M,(~0) _ _62D(kl)j (44
/3% 3" 0&1061

and

#NO _62D.('?21)
Ok O 06106

In order to obtain a uniform solution there must an overlapping region that
matches the inner and the outer solution together. From (42a) we see that the limit
£ — oo in the inner layer of the two-point correlation converges to the Reynolds
stress tensor and the same must be valid for a solution of the equations (21) and
(24)~(29) in the outer layer for the limit # — 0. Using the same limits for both
regions in the triple- and the pressure-velocity correlations, they both drop to zero
as they should do. As a result, the matching between the inertial subrange and
obviously specifies the outer solution R}; at r = 0 to be u;u;, but the actual
numerical value of Reynolds stress tensor is still unknown.

Note, that the equation corresponding to (43) in Mellor’s paper (1972) (his equa-
tion (59)) has a serious error. It does not have the production terms which, of
course, are responsible for the energy transfer rate.

As mentioned above the inner layer does not determine the absolute value of
the Reynolds stress tensor because the triple correlations can not be neglected in
(43)-(45). Thus an additional assumption is needed to determine the values of u7u;.

In Kolmogorov’s original hypotheses it was suggested that in the limit of large
Reynolds number the dissipation will be isotropic. Saddoughi’s (1994) very high
Reynolds number experiment of a turbulent boundary layer in a wind tunnel sup-
ports this idea of isotropy. Hence, we take

(45)

Eij = §5.'_,'6 . (46)

Using this, the three trace elements of ®;; can be obtained from the Reynolds Stress
tensor equation which in non-dimensional form can be written as
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— % R * 2 . x KT
- [u,'u2 5j1 + U2l; 5,‘1] + CI),-J' - 55,']' =0 with (I>,-j = ‘P,‘j;sz (47)
T
or in component notation
* 4 * 2 »* 2
11=‘§, ‘I’22=§» 4’33=§- (48)

Note, that the latter result for the pressure-strain correlation holds no matter what
is assumed for the triple-correlations. As a result, all high Reynolds number second-
moment closure models should be consistent with this result. In most second mo-
ment models this could only be ensured by adding wall reflection terms to the
pressure-strain model.

Because the system (21) and (24)—(29) has homogeneous boundary conditions
on all boundaries, there is nothing that specifies the amplitude of R]; or the value
of w;u;* as mentioned above. In fact, this would also be true if higher correlation
functions would have been taken into account. The definition (38) together with
the result (48) can be used to calculate the values for the Reynolds stress tensor.

The term on the right-hand side of (38) can be rewritten as an integral of the
two-point correlation and some boundary integrals. This was necessary because the
limit » — 0 has to be evaluated within the dissipation range where not enough is
known about the two-point velocity-pressure correlation. It can be found that the
dissipation range, which is of the order of I, makes a higher order contribution to
the above mentioned integral in the limit of large Reynolds number and thus can
be neglected. After neglecting the triple-correlations we find

* 2R 2R* P
q)az___l_ 1 [(5 aRl2 47 a Rtl>+ 6 R12} dV(T) +(tH]) (49)

27 1+ fz 72 BFI m aflafl 6?1‘67‘:1 Iil
v

where (i + j) abbreviates the addition of the previous term with indices inter-
changed. No boundary integral has to be kept due to the homogeneous boundary
conditions for all variables. Once a solution to the equations (21) and (24)-(27) are
computed the scaling of the two-point correlations can be calculated by equating
(48) and (49). Using this, the value for #;%;" can be taken from Rj; at r = 0 as
has been proven by the matching between the Kolmogorov universal range and the
outer inviscid solution.

5. Future plans

There are basically two outstanding problems within the whole approach of RDT
in the log-layer. The first one is the fact that it has to be proven that the system
(21), (24)-(29) has a non-zero solution even though all boundary conditions are
homogeneous. A strong hint towards this character of the equation is gained by
the analysis of the discretised set of equations which, of course, is linear. To see
why the equations may have a non-zero solution, a result from linear algebra may
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be recalled. If in a linear system of the form Az = 0 the matrix A has the rank
¢ and { < n where n is the number of equations, then the system has nontrivial
solutions. In this particular case considering the discretised equations (21), (24)-
(27), A is a quadratic matrix and its rank can only be smaller than n if there is
some redundancy in the equations. In fact, this redundancy is due to the identities
(28) and (29). Even though the structure of the discretised system provides some
information, the proof of a corresponding feature in the differential equations is still
outstanding. Once the previous problem is solved, a numerical algorithm has to be
coded to solve the discretised equations (21) and (24)-(29) because it is very unlikely
that an analytical solution can be found. In the next step of post-processing the
numerical results, the ability of the asymptotic limits used in the RDT of the log-
layer has to be revised and if necessary enhanced by including higher correlations
in the analysis. Finally, the results of the theory will be compared with DNS data
from the turbulent channel flow (Kim et al. 1987).
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